The role of cyclic adenosine 3',5'-monophosphate (AMP) in the control of microsomal calcium ion (Ca 2T ) transport was studied in microsomes prepared from rabbit heart. These cardiac microsomes contained intrinsic cyclic AMP-dependent protein kinase activity that phosphorylated serine residues in a microsomal protein component with a molecular weight of about 20,000 (determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis). Intrinsic phosphoprotein phosphatase activity of the microsomal membranes resulted in rapid dephosphorylation of these residues. Microsomes phosphorylated in the presence of 1 x 10" °M cyclic AMP exhibited enhanced Ca 2+ uptake. We conclude that reversible phosphorylation of microsomal membranes may be an important mechanism for regulation of microsomal Ca I+ transport by cyclic AMP.
• Cyclic adenosine 3',5'-monophosphate (AMP) is believed to be an important mediator of the actions of catecholamines and certain other hormones on myocardial metabolism and contractility (1) . The major mechanism whereby catecholamines regulate glycogenolysis in heart and skeletal muscle involves stimulation of a soluble cyclic AMP-dependent protein kinase (2, 3) . Catecholamines also augment myocardial contractility, and a rapid rise in myocardial cyclic AMP has been shown to accompany or precede detectable alterations in contractility (4-7). The possibility that cyclic AMP mediates the effects of catecholamines through regulation of intracellular calcium has been examined by several investigators, since the contraction-relaxation cycle of muscle is thought to depend on changes in the intracellular concentration of free calcium ions (Ca 2+ ) (8, 9) . Entman et al. (10) have reported that preincubation of cardiac microsomes with cyclic AMP enhances energydependent Ca 2 + uptake. However, other workers (11) (12) (13) have found no effect on cyclic AMP on microsomal Ca 2 + uptake except at high (1 x 10~3M) concentrations (14) .
Prompted by the demonstration of intrinsic protein kinase activity in cardiac microsomes (15, 16) , we have attempted to identify its endogenous substrate and to examine the role of phosphorylation as a possible mediator of the effects of cyclic AMP on microsomal Ca 2f transport. The results indicate that a single membrane protein serves as the endogenous substrate for the enzyme and that phosphorylation of microsomal membranes enhances energy-dependent Ca 2+ uptake. Also, we have demonstrated (17) that microsomes contain intrinsic phosphoprotein phosphatase activity that cleaves phosphate from the microsomes in the presence of cyclic AMP. This evidence suggests that reversible phosphorylation of cardiac microsomes might be an important mechanism whereby catecholamines exert their positive inotropic action on the heart. The present study is a more extensive investigation of these preliminary findings (17) .
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scissors and placed in a plastic centrifuge tube containing 4 volumes of 4 mM ethylenediaminetetraacetic acid (EDTA), pH 7.0. The tissue suspension was homogenized three times in an ice bath with a Polytron (Brinkman Instruments Co.) at a rheostat setting of 3 for 5 seconds with a rest interval of 15 seconds (18) . The homogenate was centrifuged at 8,700 g for 30 minutes to remove mitochondria, nuclei, and cellular debris. The supernatant fluid was centrifuged at 37,000 g for 40 minutes. The pellet was resuspended in 5 ml of 0.6M KC1 and 0.02M Tris-maleate buffer, pH 6.8. This suspension was centrifuged at 37,000 g for 40 minutes, and the supernatant fluid was discarded. The microsomal pellet was resuspended in 4 mM EDTA, pH 7.0, to give a final protein concentration of 2 mg/ml. The yield of microsomal protein was about 0.5-0.6 mg/g wet weight ventricular tissue.
The extent of mitochondrial contamination of the microsomal fraction was checked by determination of cytochrome oxidase activity (19) . The activity per milligram of protein in this fraction was less than 3% of that in the mitochondrial fraction (8,700-g pellet). In addition, Ca 1+ uptake by the microsomal fraction was not altered by the addition of 5 mM sodium azide, an agent known to inhibit Ca 2+ uptake by mitochondria. Phosphorylation of Microsomal Protein.-Microsomes were phosphorylated in 200 ^liters of a solution containing 0.05M sodium glycerol phosphate buffer, pH 7.0, 0.01M magnesium acetate, -y-' 3 P-adenosine triphosphate (ATP) at a final specific activity of 5 /xc/nmole, 0.5 mM ATP, and 50/ig of microsomal protein. The reaction was initiated by the addition of ATP and terminated by the addition of an equal volume of ice-cold 7.5% trichloroacetic acid. The pellet was washed three times at 0°C by resuspension in 0.1 ml of IN NaOH and precipitation with 2 ml of 5% trichloroacetic acid. Afterwards, the pellet was dissolved at room temperature in 0.1 ml of IN NaOH, and the radioactivity was determined by liquid scintillation counting using Aquasol.
Dephosphorylation of Microsomal Protein.-Phosphoprotein phosphatase activity was determined on microsomes that had been phosphorylated in the presence or the absence of 1 x 10"*M cyclic AMP as described in the preceding section. At the end of the incubation, the tubes were transferred to an ice bath, and 100 nmoles of disodium-ATP in 50 ^liters of 4 mM EDTA was added to each tube. After mixing, the tubes were incubated at 30°C for 1-5 minutes, and the incubation was terminated by the addition of an equal volume of ice-cold 7.5% trichloroacetic acid. In some experiments, phosphorylated microsomes were centrifuged at 37,000 g for 30 minutes and resuspended at the same protein concentration in 0.02M Tris-maleate buffer, pH 7.0, prior to determination of the cleavage of labeled phosphate.
Release of "P-Orthophosphate from Labeled Microsomes.-About 100 ng of phosphorylated microsomes containing about 300-600 counts/min of " P was suspended either in 1 ml of a solution containing 0.8M hydroxylamine in 0.01M sodium acetate buffer, pH 5.3, or in 0.5M NaOH. Control samples were suspended in 1 ml of a solution containing 0.8M NaCl in 0.01M sodium acetate buffer, pH 5.3. After 10 minutes of incubation at 30°C, 0.5 ml of ice-cold 50% trichloroacetic acid was added and the tubes were centrifuged at low speed for 10 minutes. The radioactivity contained in the pellets and the supernatant fluid was determined by liquid scintillation counting using Aquasol.
Acid Hydrolysis.-Microsomes phosphorylated using y-"P-ATP in the presence or the absence of cyclic AMP were hydrolyzed in 2N HC1 at 100°C for 6 hours. The hydrolysate was dried in a stream of nitrogen and dissolved in a formic acid-acetic acid buffer, pH 1.8, for electrophoresis. Phosphoserine counts were corrected for destruction during hydrolysis (about 40%) by analysis on an amino acid analyzer (Phoenix) of a solution containing a known amount of phosphoserine that had been hydrolyzed under the same conditions.
Incubation with Pepsin.-About 1.7 mg of denatured microsomal protein that had been phosphorylated in the presence or the absence of cyclic AMP was incubated with pepsin (enzyme-substrate ratio 1:5) in 0.5 ml of 0.1N formic acid at 37°C. After 1 hour the digest was chilled in ice and centrifuged. The supernatant fluid, which contained more than 90% of the counts in the undigested material, was lyophilized and redissolved in electrophoresis buffer.
Gel Electrophoresis.-The method of Weber and Osborn (20) was used to determine the molecular weight of the phosphorylated microsomal protein. About 40 ng of microsomal protein was solubilized by heating for 5 minutes at 90°C in a mixture of 3% sodium dodecyl sulfate (SDS) and 1% 2-mercaptoethanol in 0.05M sodium phosphate buffer. The samples were subjected to electrophoresis at 7 ma/tube in 5 or 10% polyacrylamide gels that were 0.1M in phosphate buffer, pH 7.0, and contained 0.1% SDS. The electrophoresis buffer was 0.1M in phosphate buffer, pH 7.0, and contained 0.1% 2-mercaptoethanol and 0.1% SDS. After electrophoresis, gels were stained overnight with 0.25% Coomassie blue in 50% methanol and 9% acetic acid. Excess stain was removed by soaking, first in a mixture containing 50% methanol and 9% acetic acid and then in 7.5% acetic acid. Ovalbum in, trypsin, and ribonuclease A were used as markers for determination of molecular weight.
Autoradiographs were prepared from 5% SDS-polyacrylamide gels as previously described (17) . To determine the position of the radioactive membrane protein in 10% SDS-polyacrylamide gels, the gels were frozen and sliced at 1-mm intervals using a mechanical slicer. The slices were placed in scintillation vials and solubilized by heating in 1 ml of Protosol at 40 c C for 16 hours. Then 10 ml of Aquasol was added and the vials were counted in a liquid scintillation counter (Nuclear Chicago Mark I).
High-Voltage Electrophoresis.-Electrophoresis of acid hydrolysates and peptic digests of phosphorylated microsomes was performed by applying samples dissolved in electrophoresis buffer to Whatman 3MM paper. Electrophoresis was carried out at 2,500 v for 90 minutes in a buffer containing 8% formic acid and 0.9?o acetic acid, pH 1.8, using a flat-plate apparatus (Savant). Two-dimensional peptide "maps" of peptic digest were performed by electrophoresis in the first dimension in formic acid-acetic acid buffer, pH 2.0. After drying, electrophoresis was performed in the second dimension using pyridine-acetic acid buffer, pH 6.5. Buffers for peptide maps were prepared as described by Ambler (21) . Autoradiography of one-and two-dimensional electrophoretograms was performed for 5-14 days using medical X-ray film.
Microsomal Calcium Uptake and Binding.-Mi- At the termination of the incubation, the preparation was passed through a Millipore filter (HA 0.45ji) as described previously (18) . Calcium binding by microsomes was measured using the same reaction mixture as that used for determination of Ca 1+ uptake, except that the CaClj concentration was 1 x 10 5 M and sodium oxalate was omitted from the medium. The incubations were carried out for various time periods in the presence or the absence of 2 mM Tris-ATP. The reaction was terminated by passage of the medium through a Millipore filter.
Results
Microsomal Phosphorylation.-The time course of microsomal membrane self-phosphorylation is shown in Figure 1 . Phosphate incorporation generally was linear for less than 1 minute in the presence or the absence of 1 x 10"M cyclic AMP. However, further addition of ATP to the mixture returned the reaction to the initial rate, suggesting that hydrolysis of ATP by microsomal adenosinetriphosphatase (ATPase) probably was responsible for limiting phosphate incorporation. An incubation time of 30 seconds was chosen for the standard assay of microsomal protein kinase activity. The microsomal enzyme also was active when histone was used as the substrate, but it was not active when casein was the substrate (Table 1) .
Enzyme Concentration.-Under standard assay conditions phosphorylation of endogenous substrate was proportional to the amount of microsomal protein kinase in the range of 25 to 75 ug protein/tube (125 to 375 /zg/ml) both in the presence and the absence of 1 x 10~6M cyclic AMP (Fig.  2) .
pH Optima.-The effect of pH on microsomal self-phosphorylation in the presence or the absence of 1 x 10 " M cyclic AMP is shown in Figure 3 . Maximum activity in the presence of cyclic AMP occurred at about pH 7.0. In the absence of cyclic AMP, the protein kinase activity was much lower and the pH curve showed a rather broad maximum.
Phosphorylation of Endogenous and Exogenous Substrate by Cyclic AMP-Dependent Microsomal Protein Kinase
Basal 82 ± 7
Cyclic AMP
± 11
Specific activity 
FIGURE 4
A shown). Simultaneous addition of both cyclic nucleotides caused only a slight additive enhancement of phosphate incorporation into microsomal protein (Fig. 4B) . " P incorporation, microsomes phosphorylated in the presence of cyclic AMP were treated with hydroxylamine. Lipmann and Tuttle (22) have shown that under conditions such as those used in these experiments (pH 5.3 and incubation at 30°C) the nucleophilic attack by hydroxylamine is fairly specific for carboxylic acid anhydrides. Figure 5 demonstrates that the majority of the counts produced by cyclic AMP addition was resistant to incubation with hydroxylamine. However, incubation with NaOH, which cleaves phosphoester bonds (17) , resulted in loss of over 90% of the counts. Measurement of radioactivity in strips from an electrophoretogram of phosphorylated microsomes that had been hydrolyzed for 6 hours in 2N HC1 revealed that over 80% of the increase in " P incorporation stimulated by cyclic AMP could be accounted for as phosphoserine. Labeled phosphothreonine could not be detected in these electrophoretograms.
Identification of the Phosphorylated Protein.-Basal and cyclic AMP-stimulated microsomes contained radioactive material of low molecular weight which migrated with the tracking dye. However, only cyclic AMP-stimulated microsomes contained an additional radioactive component that corresponded to a faintly staining band in the stained gel. The molecular weight of this phosphoprotein was determined to be approximately 20,000 in 10% SDS-polyacrylamide gels (Fig. 6) . 
FIGURE 6
Effect of 0. Position of "P-labeled protein phosphorylated in the presence of 1 x 10 *M cyclic AMP relative to standard protein markers in 10% SDS-polyacrylamide disk gels.
Phosphorylated
Peptide.- Figure 7 shows an autoradiograph of a two-dimensional map of a 1-hour peptic digest of microsomes phosphorylated in the presence of cyclic AMP. Only a single strongly radioactive peptide and two weakly radioactive peptides were seen. This result suggests that phosphorylation might be limited to either a single serine residue or serine residues occurring in similar amino acid sequences, giving rise to a limited number of peptides.
Phosphoprotein Phosphatase.-The ability of cardiac microsomal phosphoprotein phosphatase to dephosphorylate endogenous microsomal substrate is shown in Figure 8 . 
Tracing of an autoradiograph of a two-dimensional map of a 1-hour peptic digest of microsomes phosphorylated in the presence of 1 x 10~'M cyclic AMP. Incubation conditions are described in Methods.
aration. To test the possibility that exchange of phosphate between phosphoserine residues in the membrane and ATP in the medium is responsible for the decrease in radioactivity, microsomes were spun down after phosphorylation and resuspended in the same medium without ATP. The rate of phosphate cleavage was essentially the same as that observed when the medium contained ATP. Phosphoprotein phosphatase activity was maximum at pH 7.0 (Fig. 8) .
Effect of Phosphorylation on Energy-Dependent Calcium Uptake and Binding by Cardiac Microsomes.-The time course of energy-dependent Ca
2+ uptake in oxalate buffer by cardiac microsomes prephosphorylated in the presence or the absence of 1 x 10~"M cyclic AMP is shown in Figure  9 . A significant increase in the rate of Ca 2+ uptake by microsomes phosphorylated in the presence of cyclic AMP occurred during the initial 2-3 minutes of incubation. Subsequently, Ca 2 * uptake returned to the control rate. Several factors might have been responsible for the transient nature of the stimulatory effect of membrane phosphorylation on Ca 2 * uptake. First, phosphate is cleaved rapidly from phosphorylated membranes by an intrinsic phosphoprotein phosphatase. Second, the oxalate buffer used in these experiments contained no cyclic AMP so that little additional phosphorylation would be expected.
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To test the possibility that the increase in Ca 2 * uptake resulted from a nonspecific stabilizing action of nucleotides on microsomal membranes (12), microsomes were preincubated for 30 seconds in either 1 x 1O' S M 5'-AMP or 1 x 10" 6 M cyclic GMP. In these experiments, which also are shown in Figure 9 , no difference in Ca 1+ uptake was noted between control and nucleotide-treated microsomes. Table 2 demonstrates the results obtained for Ca 2+ binding to cardiac microsomes prephosphorylated in the presence or the absence of 1 x 10 6 M cyclic AMP. No significant difference was noted between the basal and the cyclic AMPtreated preparations.
Discussion
The results indicate that cardiac microsomes contain intrinsic cyclic AMP-dependent protein kinase activity that can phosphorylate exogenous histones or an endogenous membrane component. Microsomes phosphorylated in the presence of cyclic AMP exhibit transient enhancement of Ca 2 * uptake. Also, cardiac microsomes contain an intrinsic phosphoprotein phosphatase capable of removing phosphate from microsomes phosphorylated in the presence of cyclic AMP. Thus, the 
' uptake values for microsomes phosphorylated without cyclic nucleotides or 5'-AMP (12 determinations).
principal elements of a microsomal membrane control system that might allow cyclic AMP to regulate microsomal calcium transport are described.
Cardiac microsomes represent a heterogeneous fraction that contains mitochondrial and plasma membranes in addition to sarcoplasmic reticulum (23) . In the present study, the possibility of large amounts of mitochondrial contamination was excluded by the minimum cytochrome oxidase activity of the microsomal fraction. However, plasma membranes and "denatured" mitochondrial membranes devoid of enzymatic activity might have contributed to the results.
The cyclic AMP-dependent formation of membrane phosphoprotein demonstrated in this report can easily be distinguished from the acyl phosphate intermediates of microsomal Ca 2 + -stimulated ATPase activity by the stability of the former in hydroxylamine at acid pH. The intrinsic protein kinase activity of cardiac microsomes is similar in most respects to membrane-bound protein kinases found in subcellular fractions from brain (24, 25) , renal medulla (26) , erythrocytes (27, 28) , and skeletal muscle (29) . In most of these tissues, endogenous membrane proteins appear to be better substrates for the phosphorylation reaction than are exogenous histones. A similar finding was demonstrated for the cardiac microsomal enzyme. Table 1 shows that the microsomal pellet without exogenous substrate incorporated 154 pmoles inorganic phosphate (P,)/mg protein and that P ( incorporation was higher on addition of histone but not casein. Since the phosphorylated membrane protein represents approximately 7% of the total microsomal protein (estimated from densitometric tracings of stained gels), the actual specific radioactivity of this component would be about 1,030 pmoles P,/mg. Thus, less than 1 mole of phosphate is added per mole of acceptor protein. This low figure might be a reflection of the limited sites available on the already phosphorylated protein.
Since heart muscle is known to contain soluble cyclic AMP-dependent protein kinases (2), the question arises as to whether the microsomal and the soluble enzymes are the same. Wray et al. (16) have reported that the microsomal enzyme is not inhibited by the specific heat-stable inhibitor of soluble protein kinases. Although the microsomal enzyme has been found to be inhibited by the heatstable inhibitor (unpublished observations), we have also observed that the microsomal enzyme is inhibited by the addition of 10" 6 M CaCl 3 , whereas the soluble enzyme is unaffected even on addition of 10-3 M CaCl 2 (30) . Thus, if the soluble enzyme and the microsomal enzyme are the same, the enzyme's properties are altered by attachment to the membrane.
Kirchberger et al. (31) have suggested that soluble protein kinase(s) is involved in the regulation of microsomal Ca 2+ uptake. In their experiments, cardiac microsomes (0.007 mg/ml) and soluble protein kinase (0.12 mg/ml) were incubated in the presence or the absence of cyclic AMP. At the end of 10 minutes "Ca was added for measurement of Ca 2 + uptake. Their results indicate that microsomes preincubated in the presence of cyclic AMP exhibit augmented Ca 2 * uptake for nearly 50 minutes. However, no evidence was presented to indicate that phosphorylation of microsomal protein actually occurred, and the ratio of soluble enzyme to microsomal substrate (20:1) used was greater than that likely to occur in vivo. The prolonged augmentation of microsomal Ca 2+ uptake described is difficult to reconcile with a control system capable of rapidly modulating Ca 2 * uptake. More work will be required to clarify the role of soluble vs. membrane-bound protein kinase in the control of myocardial function.
Membrane-bound phosphoprotein phosphatases have been identified in several tissues (24, 32, 33) . In these tissues, as well as in the heart, the combined activities of membrane cycHc AMPdependent kinases and membrane phosphoprotein phosphatases provide a dynamic regulatory system for the phosphate content of membrane proteins which is independent of the synthesis or the degradation of membrane subunits. In a subcellular membrane fraction from brain, the rate of dephosphorylation has been reported to be the limiting step in the turnover of protein-bound phosphate (24) . The biological events which lead to dephosphorylation are poorly understood. DeLorenzo and Greengard (33) have shown that activation by cyclic AMP of a membrane-bound phosphoprotein phosphatase from toad bladder might play a role in modulation of the physiological effects of antidiuretic hormone on transport of water, sodium, or both in this tissue. The effect of cyclic AMP on cardiac microsomal phosphoprotein phosphatase is unknown presently.
Since the original suggestion by Rail and Sutherland (34) that cyclic AMP is involved in the glycogenolytic effect of epinephrine in the heart, considerable evidence has accumulated to suggest that cyclic AMP might also be involved in the positive inotropic response to catecholamines (see review by Epstein et al. [35] ). The mechanism by which this effect is mediated has remained unclear. The earlier suggestion that epinephrine might act through activation of phosphorylase no longer seems likely (36, 37) , and experiments which appeared to show a direct effect of cyclic AMP on the superprecipitation of actomyosin could not be confirmed (38) . Since the importance of Ca 2+ in the contractile process has become generally recognized (8, 9) , efforts have been made to implicate cyclic AMP in the control of microsomal Ca J * transport. However, the results of these studies (10) (11) (12) (13) (14) have been inconclusive.
The present results can be used to formulate a mechanism whereby catecholamines can modulate intracellular Ca 2+ concentration via cyclic AMPdependent microsomal membrane phosphorylation. Epinephrine and other catecholamines interact with the cell membrane to stimulate adenylyl cyclase to produce cyclic AMP which, in turn, activates microsomal protein kinase. The activa- 
